Abstract An optimized switching control strategy to reduce the conduction and switching losses of the dual active bridge converter is presented in this paper. The control strategy can simultaneously reduce the root mean square value and average absolute value of the leakage inductor current, which are closely relevant to the conduction and switching losses of the semiconductor devices and high-frequency transformers. The optimization is conducted by regulating two manipulated variables on the basis of achieving zero-voltage switching for all switches in a wide voltage range as well as effectively reducing the power losses. An experimental prototype was implemented to validate the theoretical analysis and the feasibility of the proposed method. The experimental results revealed that the converter power losses can effectively be reduced and the overall system efficiency can be improved using the proposed control strategy.
I. INTRODUCTION
The dual active bridge (DAB) converter is now widely used in many applications such as electric vehicles and distributed power systems to adapt different voltage levels and control the power flow among multiple energy sources [1] - [3] . Further advantages, such as having high efficiency, galvanic isolation and bidirectional power flow also make DAB converter as a potential candidate for the future charging systems and vehicle-to-grid (V2G) power transfer.
The DAB converters can operate efficiently when all switches can achieve zero-voltage switching (ZVS), but such efficient operation for the entire power range is only achievable when the voltage ratio is equal to one. If it deviates far from one, the converter efficiency will be greatly reduced in partial loading conditions and even the switches would be broken with excessive dv/dt caused by ZVS failure. In order to overcome this drawback, many improved modulation methods are introduced to extend the DAB soft-switching operating range, such as extended phase-shift (EPS) modulation [4] , dual phase-shift (DPS) modulation [5] , [6] and triple phase-shift (TPS) modulation [7] , [8] . In the priorart phase-shift modulation, the diagonal switches of each full bridge are switched in order to transfer the energy through the linked leakage inductor. Besides, these improved modulation methods generate the driving signals for each switch by adding extra degrees of freedom such that the duty cycle and phase-shift angle of the high-frequency output AC voltage for each full bridge can be also regulated online. Moreover, the converter efficiency and/or power density can be enhanced at the same time if proper optimization methods are applied in [9] , but the control complexity is also increased owing to multiple control variables.
In order to further decrease the power degradation of the switches and to reduce the power losses, several hybrid modulation strategies are discussed in [10] , [11] . However, the selection and calculation of the optimal modulation parameters are usually complex. On the other hand, minimizing the root mean square (RMS) current of the transformers is introduced in [12] , [13] in order to reduce the overall conduction loss and improve the efficiency, but it is often addressed independent from the soft-switching technology for all switches. In fact, the conduction losses of the switches are more related to the average absolute value of the conduction current rather than the RMS value in some specific applications where the insulated gate bipolar transistors (IGBTs) are employed [14] instead of the metal oxide semiconductor field effect transistors (MOSFETs). Besides, as the zero-voltage switching in DAB converters commonly occurs at the instant of turning on, the turn-off switching losses should be also taken into account, especially when higher switching frequency operation is required. Thereby, minimizing the conduction and switching losses are of high importance to both silicon transistors and the new generation power semiconductors like Silicon Carbide (SiC) [15] and Gallium Nitride (GaN) devices [16] . This paper proposes a uniform control scheme to extract the optimal modulation parameters for dual-phase-shift modulation. With the proposed scheme, the conduction and switching losses of the switches and the intermediate transformer are reduced and all switches can achieve softswitching in a wide voltage range. Firstly, the DAB operation modes are introduced in Section , and then the conduction and switching losses model are discussed in Section . Next, the optimized control scheme is explained in Section where a comprehensive analysis and comparison among different control schemes is implemented and verified with simulations. In Section V, experimental results are presented to validate the effectiveness of the proposed control scheme. Finally, conclusions are drawn in Section VI.
II. DAB OPERATION A DAB converter consisting of two full bridges (HB1, HB2) and a high-frequency transformer is shown in Fig. 1 . Here, the direction of the power flow is from HB1 to HB2 and the converter is assumed to work in voltage boosting mode, namely V2>V1/n, where n is turns ratio of the isolated transformer. In order to simplify the analysis, all quantities are normalized using the base values as shown in (1) and the voltage ratio k is introduced as V1/nV2, which is within (0, 1).
Pb, Ib and Vb are the benchmark power, current and voltage, respectively. V1, V2 and fs denotes the input, output dc voltage and the switching frequency, respectively. L is the total inductance referred to the primary side, consisting of the transformer leakage inductor and the auxiliary inductor. The magnetizing inductance of the transformer is considered to be much larger than its leakage inductance. Notably, in order to flexibly adjust the leakage inductance value, an auxiliary inductor is introduced as a part of the equivalent total leakage inductance and it is in series with the primary high-voltage winding to lower the induced additional power losses.
The typical waveforms of the DAB converter with dualphase-shift (DPS) modulation are illustrated in Fig. 2 . The cross switches S2 and S3 in the primary full bridge operate synchronously while the switches cascaded in one leg (e.g. S1 and S3) operate oppositely and a dead time is introduced in order to avoid short circuit. Thus a 50% duty cycle two-level voltage vp is generated in the primary full-bridge HB1. Differently, for the secondary full bridge HB2, taking the switching signal of S2 as the reference, the cross switches S6 and S7 operate with a shifted angle 1 and 2, respectively, resulting in a three-level voltage vs.
According to whether the falling edge of vs leads or lags the falling edge of vp, the DAB converter has two operation modes, namely Mode as shown in Fig. 2 (a) and Mode as shown in Fig. 2(b) . Therein, is the phase-shift angle between vp and vs, and represents the duty cycle angle of vs. The relationship between , and 1, 2 can be expressed as:
(2) and (3) corresponds to Mode Mode respectively. Therefore, and can be regulated by 1 
which means that if D <1-2D , the DAB converter would work in Mode otherwise the converter would work in Mode
In addition, the secondary current is is shaped by the voltage drop on the leakage inductor, that is:
So the normalized secondary current based on the switching instant can be derived using (6) following the operating waveforms shown in Fig. 2 , as expressed by (7) and (8) . In addition, the waveforms of the input and output current (i1, i2) of HB1 and HB2 are also illustrated in 
The average output power can be obtained by solving:
The normalized results are listed in the third row of 
III. LOSSES ANALYSIS AND ZVS CONDITIONS
The power losses of the DAB converter include that of the semiconductor devices and transformer. The auxiliary inductor is taken as a part of the transformer because it functions as an equivalent leakage inductance here. Since every switch conducts current for half of the switching period, the power losses of the switches can be calculated by: 
Due to the fact that the body diodes of the transistors only conduct during the dead time to achieve ZVS, the conduction losses of the diodes are neglected since the dead time is usually much shorter than the switching period. Note that if paralleled switches are adopted to reduce the conduction losses and increase the supportable current rating, the number of paralleled switches should also be taken into account, represented by mp and ms for HB1 and HB2, respectively.
On the other hand, the switching losses of the DAB converters can be estimated according to [17] , as marked in (10) . ton,p, toff,p and ton,s, toff,s are the turn-on and turn-off time of the switches S1~S4 and S5~S8, respectively. Here, Is,dc is the average absolute value of the secondary transformer current, which is calculated by: (13) where Raul, Rtrp and Rtrs are the resistances of the auxiliary inductor, primary and secondary winding of the transformer, respectively.
The magnetic core losses are mainly determined by the magnetic flux, the switching frequency, the core volume and the voltage waveform. In order to simplify the core losses calculation, the HF transformer is commonly assumed to be fed with sinusoidal waveforms [18] , such that it can be expressed by:
where k is the material constant, fs the switching frequency , B the peak flux density and Vc the volume of the magnetic core. is the frequency and flux density exponent, respectively, which can be achieved from the core datasheet 
and they are commonly considered as constant for a fixed switching frequency.
Comparing (10), (13) and (14), it can be observed that the semiconductor devices power losses and the transformer conduction losses are closely related to Is,rms and Is,dc, whereas the transformer core losses are independent on the load current given by (14) . This paper will focus on the effect of Is,rms and Is,dc on the converter losses, thus the magnetic core losses are not studied in this paper.
The selected switch types and measured HF transformer parameters for the DAB converter hardware design are listed
Due to the high current in the low-voltage output side, each switch of HB2 is composed of two paralleled MOSFETs with a low on-state resistance. The calculated power losses distribution using (10) and (13) are depicted in Fig. 4 , from which it can be seen that the transformer resistive losses contributes a large part of the total power losses, highlighting the necessity to reduce the leakage inductance current.
On the other hand, in order to make all switches achieve zero-voltage switching to improve the converter efficiency and avoid voltage spikes induced by hard-switching, the following conditions (15) and (16) 
Together with (7) and (8), the ZVS conditions can be derived as shown the normalized output power Po and expressions of normalized Is.dc and Is.rms in operation Mode and Mode .
IV. OPTIMIZED CONTROL SCHEME FOR LOSSES REDUCTION Seen from Fig. 3(a) , there are different combinations of D and D to achieve the same output power in Mode Mode as the contour plane of the output power shown in Fig. 3(b) . Therefore, in order to acquire the optimal combination of D and D from the power losses reduction point of view, the formulas of Is,dc and Is,rms regarding with D and D are deduced using (11) and (12), as listed In order to reduce the power losses consumed by the intermediate HF transformer, the values of Is,dc and Is,rms should be decreased according to (10) and (13) .
As the colorful surfaces present, Fig. 5 and Fig. 6 Fig. 5, Fig. 6 and Fig. 3(b) , it can be concluded that the conduction and switching losses can be reduced if the proper combination of D and D is applied to the converter for different operating power levels. In order to achieve the optimal values of D and D for a certain output power, the following equations (17) 
Then by substituting (17) and (18) into the expressions of Is,dc and Is,rms , it can be further deduced that when the analytical D is equal to the right side of (19) and (20) 
Similarly, for operation Mode corresponding to the minimum Is.dc and Is.rms are deduced as (21) and (24), respectively.
, the maximum output power for each mode under ZVS can be deduced as:
where Pomax,m1 and Pomax.m2 denotes the maximum power of Mode Mode
Based on (19), (20), (21), (24), Fig. 7 shows the relationship between D and D , where the green curve is for minimized Is.dc and the blue one is for minimized Is.rms. Besides, the power curves, the soft-switching area and the boundary of two modes can also be found in the Fig. 7 , as displayed by the dashed black curves, the shaded region and the bold line respectively.
The green and blue curves are all within the ZVS area, indicating the minimum Is.dc or Is.rms and ZVS for all DAB switches can be simultaneously achieved. For the power curves, some of them intersect with the green and blue curves in both operation modes, meaning that the power can be reached with minimized Is.dc or Is,rms, but it also reveals that the minimization of Is.dc and Is.rms can not be realized at the same time. Furthermore, there are some other power curves separated from minimized Is.dc, which can be observed in
Is.dc can not be reached when the converter works on these power levels. In other words, the switching losses on the semiconductor devices can not be minimized considering (10) . 
Seen from (19), (20), (21), (24), the relationship between D and D is segmented and complicated depending on the operation modes and the value of D , which is the root cause of complexity for the minimization of Is.dc or Is.rms. In order to simplify the control procedure, a uniform control method is plotted in Fig. 7 using quadratic curve fitting technique, as the red curve presents, which is formulated as:
Thus the value of D and D can be calculated from (25) in both modes, and meanwhile the ZVS conditions are also satisfied as the whole control curve is located in the ZVS area. Besides, it can be seen that all power curves have intersections with the red curve, which indicates a wide power range of the uniform control.
In order to evaluate the effect of the control method on the losses reduction, the simulated total power losses Ptot for different output powers are depicted in Fig. 8 . The operation state of the DAB converter is determined by the intersection points of the power curve and control curves. Taking Mode an example, the DAB converter is controlled by combination (D , D ) at the operation point B1, B2, B3, B4 shown in Fig. 7 , where no optimization, minimized Is.dc control minimized Is.rms control and the uniform control are employed, respectively. By comparing the simulation results in Fig. 8 , the proposed uniform control can effectively reduce the power losses compared to the nonoptimized method and further achieve almost the same power losses as that when the minimized Is.dc or Is.rms is satisfied.
The block diagram of the proposed uniform control scheme for a DAB converter is illustrated in Fig. 9 . The operation mode is firstly selected by comparing the given power with the maximum power of each mode, as defined in (22) 
Low pass filter calculated by multiplying V2 with the average value of the output current io, which can be obtained through a low pass filter. Then the error between the reference value Po * and actual Po is used to produce the phase-shift angle between the two full bridges. After the calculation of the voltage ratio k, the other angle can be achieved using (25). Finally, the two angles are applied to the DPS modulation module and the suitable switching signals are generated.
V. EXPERIMENTAL VERIFICATION
An experimental platform for the DAB converter is implemented to validate the proposed uniform control, as shown in Fig. 10 . The system parameters are summarized in state waveforms of the DAB converter in operation Mode where vp and vs are voltage waveforms generated by HB1 and HB2, and ip, is are the primary and secondary transformer current, respectively. Fig. 11(a) shows the measured waveforms when the DAB converter works without adopting any optimal control, which is corresponding to the operation point B1 in Fig. 7 . Fig. 11(b) shows the working waveforms when the converter is modulated by the proposed uniform control, corresponding to the operation point B4. The output power for both operation points is given at 150 W. As marked in the figure, the value of Is.dc and Is.rms in Fig. 11(b) are both lower than in Fig. 11(a) , indicating the effectiveness of the uniform control in reducing the conduction and switching losses of the DAB converter. Fig. 12(a) and Fig. 12(b Fig. 12(b) also validates that the proposed uniform control has a better performance in reducing the converter power losses . Besides, by operating the DAB converter with different transmission power, Fig. 13 plots the measured efficiency curves of the whole system, where blue represents the operation without optimal control and red denotes the uniform control. It can be seen that the system efficiency is improved in the entire power range, especially at light load condition.
In order to evaluate the dynamic response of the proposed uniform control scheme, the DAB converter is controlled to switch between two modes with different given power. The waveforms of the output voltage V2, the primary voltage vp, the output current Io and the output power Po are measured and displayed in Fig. 14 The output power is obtained by multiplying the output voltage and output current, which can be realized using the math function of the oscilloscope. The output power is boosted from 460 W to 1120 W at the instant as the blue line shows in Fig. 14(a) and then it is lowered back to 460 W as shown in Fig. 14(b) . The DAB converter can automatically switch to the proper operation Mode under the uniform control, which is determined by the given output power. Besides, it can be seen that the DAB converter can reach the new steady state extremely fast after the change of the reference output power. VI. CONCLUSIONS This paper proposes a uniform control scheme to reduce the conduction and switching losses of the DAB converter based on the DPS modulation. Compared to the conventional control methods, the proposed uniform control can not only effectively reduce the switching and conduction losses, which is reflected by the improved converter efficiency, but also lower the control complexity by rearranging the switching signals based on the uniform selection of the control variables in both operation modes. Moreover, the dynamic response of the DAB converter to the change of the output power can be also improved due to the simplified and unified control scheme. Besides, the zerovoltage switching is also guaranteed for all switches in a wide voltage range.
